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Abstract: At high energies a quark-gluon plasma is expected to be
formed in heavy ion collisions at RHIC and LHC. The theoretical descrip-
tion of these processes is directly associated to a complete knowledge about
the details of nuclear and dense medium eects. In this paper we investi-
gate the role of the high density eects in the heavy quark production cross
section in pA processes at RHIC and LHC. We use, as initial condition, a
gluon distribution consistent with xed target nuclear data and the Glauber-
Mueller approach to describe the high density eects. We demonstrate that
this process can be used as a probe of the presence of the high density eects.
Moreover, we include these eects in the calculation of the heavy quark pro-
duction in AA collisions, verifying that they cannot be disregarded both in
the estimates of quarkonium suppression and in the initial conditions of the
quark-gluon plasma.
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One of main interesting predictions of QCD is the transition from the con-
ned/chirally broken phase to the deconned/chirally symmetric state of
quasi-free quarks and gluons, the so-called quark-gluon plasma (QGP). The
QGP is a dense system of deconned quarks and gluons, which may be
present in the core of nuclear stars, may have existed in the early universe,
as well as can be formed in the heavy ion collisions. However, dierently
from the cosmological sources of quark-gluon matter which only provide in-
direct and limited information, the heavy ion collisions have provide strong
evidence for the formation of a QGP [1]. Recently, the rst results of the
charged multiplicity at RHIC were published by the PHOBOS collaboration
[2], marking the beginning of collider era in the experiments with relativistic
heavy ions.
Theoretically, the early evolution of these nuclear collisions is governed
by the dominant role of gluons, due to their large interaction probability
and the large gluonic component in the initial nuclear wave functions. This
leads to a "hot gluon scenario", in which the large number of initially pro-
duced energetic partons create a high temperature, high density plasma of
predominantly hot gluons and a considerably number of quarks. Such ex-
treme condition is expected to signicantly influence QGP signals and should
modify the hard probes produced at early times of the heavy ion collision.
To study such a medium and determine its nature, we need probes which are
hard enough to resolve the short sub-hadronic scales and which can distin-
guish between conned and deconned quarks and gluons. In addition, the
probe must survive the subsequent evolution of the medium.
There are many proposed signals of a QGP [3]. Among them, hard probes
associated with hard processes are especially useful because they are pro-
duced in the earliest stage of interaction, the initial production rate can
be calculated via perturbative QCD (pQCD) and their abilities to probe the
dense matter are less complicated by the hadronization physics. Among these
hard probes, electromagnetic signals like thermal photons and dileptons are
considered more direct since they escape the dense matter without further
interactions. They can thus reveal the dynamics of parton production and
equilibration. In addition, open heavy quark production can be considered
as a direct probe since heavy quarks cannot be easily produced during the
mixed and hadronic phases of the dense matter due to their heavy masses. To
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leading order in pQCD, dilepton production is dominated by qq ! l+l−, di-
rect photon by q(q)g ! q(q)γ and open heavy quark by gg ! QQ (Q = c; b)
processes. At RHIC and LHC energies, heavy quark production will be sub-
stantial. As shown in Refs. [4, 5] , the open charm signal can be easily
extracted via the PHENIX detector at RHIC, with the charm production
being the dominant source of dileptons in heavy-ion collisions. Like gluon
and light quark production, heavy quark production through the initial fu-
sion is very sensitive to the parton distributions inside the nuclei.
The relativistic collider facilities RHIC and LHC will for the rst time
provide the opportunity to systematically study the physics of hot and ultra-
dense matter in hadron-nucleus (pA) and nucleus-nucleus (AB) collisions at
energies that are orders of magnitude larger than the energies of the current
accelerators. The systematic study of pA collisions at the same energies is
essential to gain insight into the structure of the dense medium eects. Such
eects, as the energy loss and shadowing, are absent or small in pp colli-
sions, but become increasingly prominent in pA collisions, and are of major
importance in AA reactions. The dierent collider energies and dierent
nuclear beams allow a careful analyzes of the dependence of multiparticle
production on the center-of-mass energy
p
s and mass number A. By com-
paring pA and AA reactions involving very heavy nuclei, one may be able
to distinguish basic hadronic eects that dominate the dynamics in pA col-
lisions, from a quark-gluon formation predicted to occur in heavy ion AA
collisions. To gain insight into the underlying hadronic processes, one has
to study collisions that are expected to not lead to a QGP formation. Once
the physics of "QCD at high densities" is better understood, the mechanisms
of quark-gluon plasma formation and related collective phenomena in heavy
ion collisions could be disentangled from the basic hadronic eects.
One of the nuclear medium eects is the nuclear shadowing, which is
the modication of the target parton distributions so that xqA(x;Q2) <
AxqN (x;Q2), as expected from a superposition of pp interactions. The cur-
rent experimental data presenting nuclear shadowing can be described rea-
sonably using the DGLAP evolution equations [6] with adjusted initial par-
ton distributions [7]. However, this parameterization does not include the
dynamical saturation eects of the parton distributions predicted at small x
and large A [8]. In this kinematical regime, the density of quarks and gluons
becomes very high and the processes of interaction and recombination be-
tween partons, not present in the DGLAP evolution, should be considered.
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Recently, we have proposed a procedure to improve the nuclear parton distri-
butions and include the perturbative high density eects in the predictions of
the inclusive observables in eA processes [9]. We have veried that the ratios
RF2 = FA2 =F
D
2 and RG = xGA=xGN are strongly modied in the region of
small x if the high density eects are included in the calculations. Moreover,
we have predicted that RG  RF2 , i.e., that at the same kinematic region
the high density eects are larger in the nuclear gluon distribution than in
the quark distributions. There we have indicate that the high density eects
becomes very important mainly for the LHC kinematic region and that these
eects could not be disregarded in the calculations of the observables and sig-
natures of the QGP. Here we analyze in detail the heavy quark production in
pA processes in order to investigate the presence and magnitude of the high
density eects. Our analyzes is motivated by the fact that the heavy quark
production at RHIC and LHC energies is dominated by initial state gluons.
Thus, the pA process becomes a valuable search of information about the
gluon distribution in the nucleus. Since the probability for making a heavy
quark pair is proportional to square of gluon distribution, any depletion in
number of gluons will make a signicant dierence in the number of heavy
quark pairs produced.
The outline of this paper is as follows. In the next section we present a
brief review of the high density eects in the nuclear gluon distribution, as
well as, an estimate of the modications in this distribution for the RHIC
and LHC kinematic region and some typical nuclei. In Sect. 3 we calculate
the heavy quark production for the predicted energies of the pA processes
in RHIC and LHC and determine the eective exponents that parameterize
the nuclear eects. As a by product, we estimate the modications in the
predictions of heavy quark production in AA collisions at LHC energies. In
all our calculations we compare our predictions with the results obtained
using the EKS nuclear parton parameterization as input. Finally, in Sect. 4
we discuss the implications of our results for heavy ion collisions and present
our conclusions.
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2 The high density effects and the nuclear
gluon distribution
The high parton density regime corresponds to the small x region and rep-
resents the challenge of studying the interface between the perturbative and
nonperturbative QCD, with the peculiar feature that this transition is taken
in a kinematical region where the strong coupling constant s is small. The-
oretically, at small x and/or large A we expect the transition from the regime
described by linear dynamics (DGLAP/BFKL) (For a review see e.g. Ref.
[10]), where only parton emissions are considered, to a new regime, where
the physical process of recombination of partons become important in the
parton cascade due to the high parton density and the evolution is given by
a nonlinear evolution equation. This high density scenario is characterized
by the limitation on the maximum phase-space parton density that can be
reached in the hadron wavefunction (parton saturation) and very high values
of the QCD eld strength squared F 2µν / 1=s [8]. Moreover, the number of
gluons per unit phase space volume practically saturates and at large densi-
ties grows only very slowly (logarithmically) as a function of the energy [11],
possibly forming a Color Glass Condensate [12], which is characterized by a
bulk momentum scale Qs [For a pedagogical presentation see Ref. [13]]. If
this saturation scale is larger than the QCD scale QCD, then this system
can be studied using weak coupling methods. The magnitude of Qs is asso-
ciated to the behavior of the gluon distribution at high energies, and some
estimates has been obtained. In general, the predictions are Qs  1 GeV at
RHIC and Qs  2− 3 GeV at LHC [14, 15].
The onset of the high density regime can be understood considering the
deep inelastic scattering (DIS) in the parton picture framework in the innite
momentum frame (IMF). In this frame, the virtual photon with virtuality
Q2 measures the number density of charged partons having longitudinal mo-
mentum fraction x and transverse spatial size xt  1=Q. When Q2 is large,
s(Q
2) is small, so that the struck quark can be treated perturbatively. Also,
when Q2 is large the struck quark is small, xt  1=Q, so that one can pic-
ture the struck quark as being isolated, far away from similar quarks, in the
nucleon. Thus, so long as the parton distributions are not large, the par-
tons in a nucleon are dilute. However, if the parton distributions get large
enough, which happens when x is very small, partons in the nucleon must
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begin to overlap. If there is a sucient amount of parton overlap, then a
given parton will not act as a free quantum over its lifetime but will interact
strongly with the other partons in the nucleon, even though s may still be
in the perturbative regime. In a nucleus, we expect that this low x eect
would be amplied due the overlap of partons from dierent nucleons. These
eects would create much larger parton densities than in the free nucleon
case. Therefore, at suciently small values of x and large values of A, one
expects that partons from neighboring ladders overlap spatially and interact,
given rise to new dynamical eects, associated with the high density, stop-
ping the further growth of the parton distributions. The understanding of
these high density QCD (hdQCD) eects is an important step towards the
QCD description of high energy phenomena.
At present, there are dierent approaches to describe hdQCD eects, all
of them including nonlinear terms in parton evolution equations [16, 17, 18].
In fact, these approaches sum powers of the probability of gluon-gluon inter-
action inside of the parton cascade. Although the complete demonstration
of the equivalence between the distinct formulations of high density QCD
present in the literature is still an open question, some steps in this direction
were given recently [19, 20, 12]. As a summary, we have that the dierent
approaches match the DLA limit of the DGLAP parton evolution in the
low parton density limit and match the Glauber-Mueller approach in the
transition regime of low density to the high density limit.
In this paper, we will investigate the heavy quark production in the pA
processes both in RHIC and LHC energies. At these energies, the gluon fusion
subprocess dominates the production and the gluon parton distributions are
calculated with momentum fraction in the region 10−5 < x < 10−2. Thus
we expect that nonlinear eects will play an important role and will modify
the cross section of the hadronic pA process. Furthermore, in this kinematic
region, the predictions of the Glauber-Mueller approach can be taken as good
approximation to the description of high density eects. As this approach is
a common limit to the distinct approaches, we intend to obtain predictions
which are not model dependent.
The main properties of the nuclear gluon distribution xGA(x;Q2) in the
Glauber-Mueller approach were extensively discussed in Refs. [17]. For com-
pleteness, we now discuss the main properties of this approach. In the small
x region the gluon distribution governs the behavior of the observables. In
the nucleus rest frame we can consider the interaction between a virtual col-
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orless hard probe and the nucleus via the gluon pair (gg) component of the
virtual probe. In the region where x << 1=2mR (R is the size of the target),
the gg pair crosses the target with xed transverse distance rt between the
gluons. Moreover, at high energies, the lifetime of the gg pair may substan-









jΨg∗t (Q2; rt; x; z)j2gg+A(z; r2t ) ; (1)
where g is the virtual colorless hard probe with virtualityQ2, z is the fraction
of virtual probe energy carried by the gluon and Ψg
∗
t is the wave function
of the transverse polarized gluon in the Fock space of the virtual probe.
Furthermore, gg+A(z; r2t ) is the interaction cross section of the gg pair with
the nucleus. From the above cross section we can calculate the nuclear gluon




We can estimate the high density eects in the target rest frame taking
into account the rescatterings of the gluon pair inside the nucleus. This can
be done in the Glauber approach, where the multiple scattering amplitudes
interference gives rise to the reduction of the nuclear cross section when
compared to the nucleon cross section. In the parton language, it imply a
suppression of the nuclear gluon distribution when compared to the simple
expectation xGA = AxG in the small x region. In fact, for a gaussian prole
















fC + ln(G(x0; r2t )) + E1(G(x0; r2t ))g (2)
where C is the Euler constant, E1 is the exponential function, the function
G(x; r
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), A is the number of nucleons in a
nucleus and R2A is the mean nuclear radius. If equation (2) is expanded for
small G, the rst term (Born term) will correspond to the usual DGLAP
equation in the small x region, while the other terms will take into account
the high density eects. The Glauber-Mueller formula (2) gives us the possi-
bility to approach the high density regime using the solution of the DGLAP
evolution equation. In the last years, the Glauber-Mueller formula has been
used in a comprehensive phenomenological analyzes of the behavior of dis-
tinct observables in ep and eA processes [21].
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Qualitatively, the interaction of the dipole with the color eld of the nu-
cleus will clearly depend on the size of the dipole. If the separation of the
gg pair is very small (smaller than the mean separation of the partons), the
color eld of the dipole will be eectively screened and the nucleus will be
essentially ’transparent’ to the dipole. At large dipole sizes, the color eld
of the dipole is large and it interacts strongly with the target and is sensi-
tive both to its structure and size. More generally, when the parton density
is such that the nucleus becomes ’black’ and the interaction probability is
unity, the dipole cross section saturates and the gluon distribution becomes
proportional to the virtuality of the probe Q2 [11]. In the innite momentum
frame, this picture is equivalent to a situation in which the individual par-
tons become so close that they have a signicant probability of interacting
with each other before interaction with the probe. Such interactions lead,
for instance, to two ! one branchings and hence a reduction in the gluon
distribution.
One of the shortcomings of this approach is that the Glauber-Mueller for-
mula (2) disregards any nuclear eect in the nonperturbative initial condition
for the gluon distribution. Thus, at this stage, we cannot use this formula to
describe the DIS xed target data on the nuclear parton distribution, since
this data lies in the nonperturbative Q2 region at small x. Furthermore,
the medium eects present at larger values of x, the antishadowing and the
EMC eect, are also disregarded in this approach. In order to improve the
Glauber-Mueller approach, it was recently proposed in Ref.[9], a modica-
tion in the expression (2) that includes the full DGLAP kernel in parton
evolution. Basically, we propose to calculate the nuclear gluon distribution







2)[GM ] represents the Glauber-Mueller nuclear gluon dis-
tribution given by the expression (2) and xGA(x;Q
2)[DLA] is the DGLAP
(DLA) prediction for the nuclear gluon distribution, which correspond to
the rst term of expression (2) when expanded in powers of G. The last
term in expression (3), xGA(x;Q
2)[EKS], is the gluon distribution solu-
tion of the DGLAP equation as proposed by Eskola, Kolhinen and Sal-
gado(EKS) [7], where the initial conditions of the parton evolution are cho-
sen in such a way to describe the nuclear eects in DIS and Drell-Yan xed
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nuclear target data. As it was discussed in detail in Ref.[9], the parame-




2) in the EKS procedure, does not include
the perturbative high density eects at small values of x. Thus, the proce-
dure presented in equation (3) includes the full DGLAP evolution equation
in all kinematic region, take into account the nuclear aect in the present
xed target data and includes the high density eects in the parton evolution
at small x in the perturbative regime. To illustrate our results, in Fig. 1 we
compare our predictions for the x - dependence of the ratio RG = xGA=xGN
for Q2 = 15 GeV2 with the EKS predictions. The results are shown for
two typical nuclei of interest in nuclear collisions. Also the corresponding
kinematic region which will be explored in the RHIC and LHC colliders are
presented. Two important features of the high density eects can be seen
in Fig. 1: the magnitude of the eects and the saturation behavior. The
suppression of the gluon distribution in respect to the EKS set is 6% for
A=40 (Ca) and 11% for A=208 (Pb) in the lower limit of the RHIC kine-
matic range. When the lower limit of the LHC kinematic range is concerned,
the reduction of the gluon distribution is 31% for A=40 and 50% for A=208.
This strong eect also modify the saturation in low x limit. In the EKS
approach, the saturation of the ratio is included in the initial condition and
is preserved by the DGLAP evolution. When the high density eects are
taken into account, this behavior is modied and RAG(AG) turn to be much
smaller then RAG(EKS) in low x region. As the heavy quark production is
dominated by the fusion of gluons, we expect that these eects will strongly
modify the cc and bb production in pA processes in the high energy limit.
3 Heavy quark production
Perturbative QCD calculations of heavy quark production at leading order
have long been available. For high energies and at leading order (LO), the
production is dominated by gluon fusion, with charm and bottom quarks
produced basically in the process gg ! QQ with Q = c and b. The LO cross














^gg!QQ(x1; x2; mQ; 
2) ; (4)
where xF = x1 − x2,  = M2=s and M2 is the invariant mass of the virtual
gluon in the subprocess. Q represents the produced heavy quark and xGi
the gluon distributions evaluated at momentum fraction x and momentum
scale 2. The short distance cross section ^ij is calculable as a perturbation
series in the strong coupling constant.
The LO calculations underestimate the experimental measurements by
a K factor (K = exp=theory) of 2-3 for charm production, which suggest
that higher order corrections to the production cross sections are important.
Detailed studies on the next-to-leading order calculation shows, however,
that these corrections to the total charm production cross section can be ac-
counted for by a constant K factor of about 2 [22]. While the NLO evolution
generally improves the agreement between the theory and data, additional
uncertainties are introduced, including dependence on scale and scheme [23].
At xed order perturbation theory, the calculation depend on the renormal-
ization and the factorization scales as well as the renormalization scheme.
The hard scattering matrix elements and the denition of the parton den-
sities for each process are specied by the regularization scheme. In this
paper we have used the MS scheme. The renormalization scale enters into
the strong coupling constant, s, and in the partonic cross sections while the
parton densities are evaluated at the factorization scale. However, since in
general the parton densities are analyzed assuming that they are equivalent,
we also assume this. For practical purpose, we take 2 = 4m2c for charm
production and 2 = m2b for bottom production.
To investigate the medium dependence of the heavy quark production
cross section, we will follow the usual procedure used to describe the experi-
mental data on nuclear eects in the hadronic quarkonium production [24],
where the atomic mass number A dependence is parameterized by
pA = pN  Aα : (5)
Here pA and pN are the particle production cross sections in proton-nucleus
and proton-nucleon interactions, respectively. If the particle production is
not modied by the presence of nuclear matter, then  = 1. A number
of experiments have measured a less than linear A dependence for various
processes of production, which indicates that the medium eects cannot be
disregarded. As our focus is to analyze the influence of the high density
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eects in the heavy quark production when compared to the usual DGLAP-
EKS predictions, we does not consider the contributions of energy loss and
the intrinsic heavy-quark components for the non-linear A dependence of the
cross sections (For a discussion of these eects in charmonium production
see Ref. [25]).
In this paper we will evaluate the heavy quark production at leading
order and will use the quark masses mc = 1:2 GeV and mb = 4:75 GeV. To
estimate the modication of heavy quark production cross section due to the
high density eects, we calculate the eective exponent  in expression (5),
which is given by









We calculate the above expression considering, as an input in the nuclear
cross sections, the parameterization of the nuclear eects in the gluon distri-
butions discussed in the previous section, which is given by
xGA(xi; 
2) = RG(xi; 
2) xGN(xi; 
2) ; (7)
with RG presented in Fig. 1 and xGN taken from the GRV94(LO) set [26]. In
order to gain insight into the amount of these eects in future colliders results,
we will consider the proposed energies for RHIC and LHC. These energies
are
p
s = 200 GeV per nucleon pair for Au+Au collisions and
p
s = 350 GeV
for pA process at RHIC [27]. For LHC,
p
s = 5500 GeV per nucleon pair for
Pb+Pb collisions and
p
s = 8800 GeV for pA processes [28].
In Fig. 2 we present the eective exponent  as a function of the c.m.
energy s1/2 for two dierent nucleus. We present also, in Table 1, the values
of  for two nuclei and four energies for both charm and bottom production.
We verify that the high density eects are sizeable at high values of energy
even for a small value of the mass number (A = 40) . The general behavior of
the exponent can be understood as follows. When the integrations in Eq. (4)
are taken, the nuclear gluon distribution are evaluated in the x2 interval given
by  < x2 <
p
 . Thus, when the energy grows, the x2 interval goes to the
small x region. For charm production, for example, the antishadowing region
in Fig. 1 dominates the integration for energies smaller than 80 GeV. For
bigger energies, the shadowing region dominates and the exponent is smaller
than 1. In bottom production, the x2 interval is dislocated to larger values
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of x, which implies that the antishadowing region of Fig. 1 dominates the
production at energies in the interval 100-200 GeV and  is close to one even
for RHIC energies. For bigger values of energy, the suppression is sizeable
and the eective exponent is smaller than 1. In general grounds, we can
see that the high density eects, described by the Glauber-Mueller formula,
predicts a reduction of the pA cross section when compared with DGLAP-
EKS description of nuclear eects. For LHC energies, the dierence is very
important, since the EKS evolution predict a almost constant  with energy,
while the generalized approach predict a decrease in , almost proportional
to ln s1/2.
In Fig. 3, we present the exponent  for RHIC and LHC energies as a
function of xF  x1 − x2. The exponent was obtained from the expression













where the dierential cross section was obtaining integrating equation (4) in
the invariant mass of the virtual gluons from the heavy quark threshold to
the energy squared s, which corresponds to
m2Q
S
<  < 1. For values of xF
close to zero, x2  x1 and the  integration corresponds to a large interval
in both x2 and x1. For xF close to one, both x2 and x1 interval are much
smaller, with x1 close to one and x2 close to zero. The lower limit of 
corresponds also to the lower x2 limit.
Considering the kinematics discussed above and the properties of the Fig.
1, all the features of Fig. 3 can be understood. For the p − Pb processes
at RHIC (
p
s = 350 GeV) with xF close to zero, the exponent is close to
one. This occurs because the  integration corresponds to a large interval
in x2, including contribution from the antishadowing region of Fig. 1. For
charm production, the threshold is low enough to include the contribution
from the small x2 region and the exponent  is smaller than one. For the
bottom production, the low x2 contribution is small and the exponent is
bigger than one. Since high density eects are small in the intermediate x2
region, the EKS and AG prediction are close to each other. For xF close to
one, the low x2 behavior of the gluon distribution dominate the process. Since
the EKS parameterization predicts that the ratio saturates at this region,
the exponent tend to a constant, while the high density eects predict an
exponent that decrease monotonically. These eects are much stronger in
the charm production due to the lower threshold.
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All eects discussed above are amplied for LHC energy (
p
s = 8:8 TeV),
even for xF close to zero. Due to the large energy, the lower limit of the
 integration is very close to zero. Then, the low x2 contribution is much
bigger and the high density eects are much more important. For xF close
to one, the EKS prediction indicates a constant value for , both for charm
and bottom production. This is a direct consequence of the saturation of
the ratio RG in the low x2 region. As far as the high density eects are
considered, the exponent is strongly reduced. As xF tend to one,  goes to
0:6 for charm production and 0:7 for bottom production.
The strong modication of the heavy quark production in pA process indi-
cate that high density eects on the gluon distribution will play an important
role in the calculation of the initial conditions and signatures of the quark-
gluon plasma in heavy ion collisions. To illustrate this point, we present in
Fig. 4 the exponent  calculated by the expression









for the heavy quark production in Pb-Pb collisions as a function of
p
s. The
exponent present a similar feature to the exponent  shown in Fig. 2. For
energies close and smaller than 100 GeV, the most important contribution
comes from the antishadowing region of Fig. 1, and the exponent is bigger
than two. For larger energies, the small x region gives the more important
contribution. When compared to the EKS prediction, the high density eects
strongly reduces the production cross sections. At RHIC energy (
p
s =
200GeV ), the exponent  is reduced in 8% for cc and 4% for bb. At LHC
energy (
p
s = 5500), the relative reduction is 42% for cc and 28% for bb. The
absolute values of the exponent  are 1:98 and 2:03 for cc and bb, respectively,
at RHIC energy. For the LHC energy, both exponents are reduced to 1:81
and 1:90, respectively. As we can see, the high density eects will strongly
reduce the production cross sections in AA processes and should be taken
into account to calculate the cross section of the hard QCD process in the
rst stage of the heavy ion collisions.
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4 Conclusions
A systematic measurement of gluon shadowing is of fundamental interest in
understanding of the parton structure of nuclei. The nuclear gluon distri-
bution is also of central importance in the eld of minijet production that
determines the total entropy produced at RHIC and higher energies. In this
paper we addressed the heavy quark production in pA processes as a search
to verify the presence and estimate the magnitude of the high density eects
and, consequently, x the behavior of the gluon distribution at large energies.
As a summary of our results we have calculated the cross sections for
heavy quark production in pA processes and estimated the energy and xF
dependencies of the eective exponents that parameterize the medium eects.
Our results demonstrate that these eects are large even at small nuclei and
that a systematic experimental analyzes probably could discriminate between
the high density regime and the predictions from the linear regime. More-
over, we have extended our analyzes for heavy quark production in heavy
ion collisions and estimated the contribution of the high density eects in
this process. Our results have important implications in the signatures of
the QCD phase transition, specially in the suppression of quarkonium pro-
duction. The idea of suppression of cc mesons J= ,  ,, etc., is based on
the notion that cc are produced mainly via primary hard collisions of ener-
getic gluons during the preequilibrium stage up to shortly after the plasma
formation (before the initial temperature drops below the production thresh-
old), and the mesons formed from these pairs may subsequently experience
deconnement when traversing the region of the plasma. Currently, the sup-
pression of the J=Ψ has been used as an indicative of the creation of a QGP
at CERN [1] and the suppression of the meson  is considered a clean test
for the QCD phase transition at LHC energies [29]. However, our results in
this paper indicate that the quarkonium production rate should be strongly
modied by the presence of the high density eects. Consequently, if the
analyzes of the pA process demonstrate the presence of the these eects in
the kinematic regions of RHIC and LHC, we have that the current estimates
of quarkonium suppression in AA processes should be completely reanalyzed.
It is important to note that other studies also demonstrate the importance
of the pA processes to single out the medium eects. In particular, there have
been several attempts to take advantage of the large open charm background
as a probe of the gluon distribution [30]. Since the mid rapidity charm
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pairs are produced via gluon fusion, the dileptons from charm decay carry
information about the distribution of primordial gluons before hadronization.
As all sources except the initial perturbative QCD source are suppressed, the
open charm background is dominated by the initial gluon fusion rate. This
rate depends on the nuclear gluon distribution and, consequently, on the high
density eects present. Moreover, Wang and Gyulassy [31] have studied the
sensitivity of single-particle inclusive spectra in nuclear collisions to gluon
shadowing and jet quenching and veried that both eects are signicantly
in AA collisions. They suggest to investigate the pA collisions at the same
energy in order to disentangle both eects. In pA reactions, the density
of comoving hadrons is so low that nal-state interactions leading to jet
quenching should be negligible, which implies that any observed suppression
of moderate-pT hadrons could be attributed to gluon shadowing alone.
We conclude by emphasizing the importance of determining gluon shad-
owing in pA processes to x theoretically the initial conditions in AA colli-
sions. The heavy quark production in pA collisions at RHIC and LHC are
likely to provide a unique source of information on the low x nuclear gluon
distribution at least until HERA is capable of accelerating heavy nuclei. We
expect that our estimates, as well as the above quoted, will be useful for
planning the future pA experiments.
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s(GeV ) Ca Pb Ca Pb
200 0.97 0.96 1.01 1.01
350 1.02 0.94 1.01 0.99
5500 0.87 0.85 0.92 0.90
8800 0.85 0.83 0.90 0.89
Table 1: The exponent  for pA processes and some typical values of energy.
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Figure Captions
Fig. 1: Comparison between the ratio RG with and without the high density
eects for A=40 (Ca) and A=208 (Pb). The RHIC and LHC kinematic
regions are also shown.
Fig. 2: The exponent  [Eq. (6)] as a function of energy
p
s for two
nuclei (Ca and Pb) in pA processes.
Fig. 3: The exponent (xF ) [Eq. (8)] as a function of xF for p − Pb
processes at RHIC (
p
s = 350 GeV) and LHC (
p
s = 8:8 TeV) (A=208)
[Note the dierent inferior limit of the two graphs].
Fig. 4: The exponent  [Eq. (9)] as a function of energy
p
s for Pb− Pb
processes.
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